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Summary
Objective: Both animal and human studies using magnetic resonance imaging (MRI) show that cartilage degeneration increases the T2 value.
However, it is unclear whether the T2 value correlates linearly with water content in cartilage with osteoarthritis. The purpose of this study was
to investigate the relationship between the T2 value and water content using an animal model of cartilage injury measured at 4.7 T.
Design: Thirty Sprague Dawley rats were randomly separated into three groups (n¼ 10 for each group). Group 1 rats were not operated on
(control). Group 2 rats received a sham operation, and group 3 rats received an anterior cruciate ligament (ACL) transection. Six rats of each
group were randomly assigned to T2 measurement and later subjected to ex vivo analysis of the relative water content of the knee cartilage.
The other four rats in each group were killed, and the severity of cartilage degeneration was examined histologically. The knees of the six rats
in the ACL transection group were imaged sequentially 4 and 13 weeks after ACL transection, and the relative water content was measured at
13 weeks.
Results: The cartilage T2 value was signiﬁcantly higher 4 and 13 weeks after ACL transection in the operated knees than in the knees of the
control and sham groups. The cartilage T2 value was signiﬁcantly higher at 13 weeks than at 4 weeks in the operated knees. The T2 value
was strongly positively correlated with the relative water content (R¼ 0.885, P< 0.0001).
Conclusion: The trend of changes in the T2 values is consistent with an increase in the relative water content in our cartilage degeneration
model. This model has potential use for the clinical evaluation of osteoarthritis.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage degeneration and structural damage lead
to successive inﬂammation and edema in the synovial
membrane and the subchondral bone, which trigger the
release of pain factors and consequently result in arthralgia.
To detect cartilage degeneration early, it is important to
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441articular illness1,2. Magnetic resonance imaging (MRI) has
been used widely to help diagnose and analyze the integrity
and deterioration of cartilaginous substances3. In the past
decade, high-resolution three-dimensional magnetic
resonance (MR) images (such as T1-, T2-, and proton-den-
sity-weighted images) have been used to identify structural
changes in the cartilage and to estimate the severity of car-
tilage degeneration by calculating the cartilage volume4,5.
Many recent studies have used quantitative T1 and T2
measurements to detect subtle changes in the cartilage
substance, such as proteoglycans and collagen ﬁber type
II, two important indicators of cartilage degeneration. Inves-
tigations of the loss of proteoglycans in cartilage can be
conducted through the intra-articular (or venous) injection
of gadolinium diethylenetriamine pentaacetic acid, whose
negative ions are repelled by the 2-negative valence
442 M.-C. Chou et al.: T2 and water content in cartilage degenerationbinding structure of proteoglycan. This technique, called
delayed gadolinium-enhanced MRI of cartilage, allows the
identiﬁcation of articular cartilage deterioration as a high
signal intensity on T1-weighted images through contrast
agent inﬁltration if the proteoglycan level is reduced in
osteoarthritis6e8. In contrast, changes in collagen ﬁber
type II in the cartilage are often detected by measuring
the T2 relaxation time, which is strongly related to cartilage
degeneration3,9e12 and has been used to detect changes in
ﬁber orientation after running13.
To understand the diagnostic information revealed by
the measurements of these MRI relaxation times, animal
models are usually needed to explore the association
between the macroscopic relaxation times and the micro-
scopic tissue characteristics associated with articular
cartilage degeneration. Two major approaches are used
widely to induce cartilage degeneration in a way that is
consistent with the symptoms presented in human osteo-
arthritis: meniscectomy14e16 and cruciate ligament tran-
section17,18. We applied the anterior cruciate ligament
transection (ACLX) approach on rats as an animal model
to induce cartilage degeneration and then used noninva-
sive T2 measurements and ex vivo histologic analysis
to quantify the cartilage degeneration. Although a previous
report showed that the T2 increase is caused partly by
the increase in cartilage water content following knee-
bending exercise19, it is still unclear whether the T2 value
correlates strongly with water content in cartilage with
ACLX-induced osteoarthritis. The purpose of this study
was to investigate the relationship between the T2 value
obtained on a 4.7 Tesla (T) MRI system and histological
water content in degenerated cartilage induced by the
ACLX rat model.MethodsANIMALSFig. 1. Prescription of the 14 slices for the T2 experiments. Three
slices were placed parallel to both medial and lateral femorotibial
condyles, and two single slices were located on the midlines of
the knee joints.The experiments were approved by the local Institutional Review
Board and were conducted in accordance with the National Institutes of
Health Guidelines for the treatment of experimental animals. Thirty
male Sprague Dawley rats, aged 8 weeks and weighing around 300 g,
were randomly separated into three groups (n¼ 10 for each group).
Group 1 was the control group. Group 2 was a sham-operated group;
the skin of the right knee was wounded, but the left knee remained un-
touched. Group 3 was the experimental group; the right anterior cruciate
ligament (ACL) was transected at the age of 8 weeks to induce cartilage
degeneration.
At week 0 following the grouping (i.e., 8 weeks of age), six of the 10 con-
trol rats were randomly assigned to MRI T2 experiments and killed for ex
vivo measurement of relative water content. The remaining four control
rats were also killed to conﬁrm the absence of osteoarthritis in their joint car-
tilage using a different histological procedure. All group 2 rats were surgically
wounded on the skin of the right knee without ACL transection at 8 weeks of
age. The experiment on this group was designed to demonstrate whether
the surgical wound caused cartilage degeneration after 1 week. Six of the
10 rats were randomly assigned to MRI T2 experiments and then killed for
analysis of the relative water content, and the remaining four sham-control
rats were killed to provide samples to evaluate the severity of cartilage
damage.
After ACL transection, the 10 experimental rats (group 3) were
housed separately, two rats per cage, in sanitary ventilated rooms,
and the cartilage degeneration was allowed to develop. 4 weeks after
ACL transection (i.e., at 12 weeks of age), six experimental rats were
randomly assigned to MRI T2 experiments without histological analysis
and were then housed separately for 9 more weeks. At 13 weeks after
ACL transection (21 weeks of age), the same six experimental rats were
assigned to the second MRI T2 experiments and were then killed for
ex vivo analysis of water content. Like the other two groups, the remain-
ing four rats in the experimental group were killed to provide samples
for histology 13 weeks after ACL transection to conﬁrm that the
cartilage degeneration in the right knee was consistent with human
osteoarthritis20,21.MRI PROTOCOLSAll rats undergoing MRI experiments were anesthetized with a halothanee
oxygen mixture supplied via a tiny pipe directed to the rat’s nose. After the
appropriate anesthesia level was reached, the rat was positioned supinely
with the forelegs ﬁxed aside and the rear legs stretched straightly in
a custom-made, MR-compatible device. A respiratory sensor was attached
to the rat’s chest for monitoring of the respiratory conditions. A birdcage
coil with an inner diameter of 72 mm was used as the transmitter coil, and
a separate quadrature surface coil (Bruker, Ettlingen, Germany) for signal
detection was placed above both knee joints to reach maximum signal
intensity. Although the surface coil exhibits an inhomogeneous receiving
proﬁle, the measurements of T2 relaxation time were not inﬂuenced because
of two factors. First, the entire articular cartilage was within a relatively
restricted region. Second, T2 is a decaying time constant whose estimation
does not rely on the absolute signal intensity; thus, the inhomogeneous
receiving ﬁeld led to noticeable T2 estimation imprecision only at the edge
of the imaging ﬁeld of view. The entire device was placed in an Oxford
Instruments (Bruker, Ettlingen, Germany) 200/300 magnet (4.7 Tesla,
33 cm clear bore) equipped with an actively shielded Oxford gradient coil
(16 cm inner diameter, 18 G/cm, 200 ms rise time).
After three-plane tripilot imaging, 20 contiguous axial T2-weighted
images were acquired for the purpose of later slice positioning using a turbo
spin echo sequence with repetition time (TR)¼ 3500 ms, echo time
(TE)¼ 40 ms, echo train length (ETL)¼ 8, slice thickness¼ 500 mm, matrix
size¼ 256 128, in-plane resolution¼ 156 312 mm2, number of excita-
tions (NEX)¼ 4, and acquisition time¼ 3 min 44 s. To minimize discrep-
ancies in T2 measurements between the rats, the subsequent nearly
sagittal imaging planes for the T2 measurements were placed using the fol-
lowing procedures. From the total of 20 axial slices, the single axial plane
showing the largest femoral condyles on both the medial and lateral sides
of knee joint was ﬁrst identiﬁed as the reference plane. Based on the se-
lected axial reference plane, we then placed a sagittal slice that separated
the medial and lateral condyles equally for each knee joint to visualize the
transected ACL in the right knee. Meanwhile, three contiguous slices with
orientation parallel to the long axes of the femoral condyles were placed
so that they covered most of the femorotibial cartilage. Thus, four sets of
three contiguous slices plus two sagittal planes were placed in the middle
of both knee joints, making a total of 14 slices acquired for each rat, as
shown in Fig. 1. Afterwards, we went through every axial slice to ensure
that all these nearly sagittal planes were in the desired locations. Following
the slice positioning, T2 measurements were made by using a multislice mul-
tiecho spin echo sequence with TR¼ 4500 ms; TE¼ 10, 20, 30, 40, 50, 60,
70, and 80 ms; slice thickness¼ 500 mm; matrix size¼ 256 256; in-plane
resolution¼ 117 100 mm2; NEX¼ 4; and acquisition time¼ 1 h 16 min
48 s. The total scan time including the rat preparation was about 2 h.
443Osteoarthritis and Cartilage Vol. 17, No. 4IMAGE PROCESSINGAfter image acquisition was completed, the data were transferred to
a stand-alone personal computer. All images were noise reduced using
the median ﬁlter with a 3 3 moving window, followed by cartilage relaxation
time estimation on a pixel-by-pixel basis using the least-square single-expo-
nential curve-ﬁtting method on MATLAB 7.0 (Mathworks, Natick, MA, USA)
software platform. Two parameters, M0 (spin density) and T2 (transverse
relaxation time), were determined by ﬁtting the signal magnitude from echoes








where S(TE) represents the known signal intensity values measured at the
prescribed TE. For fast convergence of this curve ﬁtting, initial guesses
were set at T2¼ 30 ms and M0¼ signal intensity of the ﬁrst echo (i.e., signal
at TE¼ 10 ms). A threshold was set based on the ﬁrst-echo image to bypass
curve ﬁtting on the background noise.
Regions of interest (ROI) were placed manually on the femorotibial carti-
lage by referencing to the ﬁrst-echo image to calculate the mean and stan-
dard deviation of the T2 relaxation time, as demonstrated in Fig. 2. In this
study, some of the image data (n¼ 1 for the right knees of the control rats,
n¼ 1 for the left knees of the sham rats, and n¼ 1 for the right knees of
the sham rats) were corrupted because of involuntary motion that caused re-
peated ghosting signals along the phase-encoding direction and were dis-
carded from the statistical analysis. To minimize manual discrepancies in
the positioning of the ROIs, two operators (MCC, PHT) performed the ROI
drawing separately, and both ROIs were conﬁrmed by an experienced mus-
culoskeletal radiologist (GSH). Results shown in this paper are the average
value of two measurements.ANALYSIS OF RELATIVE WATER CONTENT AND HISTOLOGYAfter MR acquisitions were completed, the rats were euthanized using
CO2. The whole knee joints (six rats in each group) from the right and left
sides were removed in the hood. Cartilage fragments from the femoral and
tibial ends were shaved carefully using a #23 scalpel, pooled in prewetted
gauze to retain moisture, and collected into a 1.5 ml preweighed microtube
(Axygen Scientiﬁc, Inc., Union city, CA, USA) (weight A gm). The wet carti-
lage fragments in the microtube (weight B gm) were weighed, and the carti-
lage wet weight was calculated as weight B gm  weight A gm. The
fragments were then freeze-dried using vacuum centrifugation (Speed VacFig. 2. Example of an ROI placement on a nearly sagittal slice of the late
placing an ROI on the ﬁrst-echo image, which is enlarged in (a). Its correspSC110, Savant, GMI Inc., Ramsey, Minnesota, USA) for 2 h at 50C,
and the sample was weighed (weight C gm) to calculate the dry weight as
weight C gm  weight A gm. The net water weight was calculated as the
wet weight  the dry weight. The relative water content was deﬁned as
the percentage of net water weight relative to the wet weight.
The four rats from each group whose cartilage was analyzed histolog-
ically were killed at the same time as the other six rats from the same
groups. Both of their knee joints were removed, ﬁxed in neutral formalin,
decalciﬁed in a rapid decalciﬁer (Nihon Shiyaku Industries Ltd., Japan),
and subjected to parafﬁn embedding and sectioning. After decalciﬁca-
tion, the knee joint tissue was cut in half along the midsagittal line.
Each half was excised from the lateral and medial femoral condyles,
and from the lateral and medial tibial plateau to create four pieces of
cartilage sections for each joint. Specimens from the parafﬁn blocks
were cut into 5 mm sections twice to obtain eight sections for hematox-
ylin and eosin (H&E) evaluation, and eight sections for Safranin O stain-
ing. Mankin scores for the quantitative assessment of joint health were
obtained for all specimens using the procedure described previously22.STATISTICAL ANALYSISStudent’s t test was used to investigate the differences in T2 values and
relative water content between the control or sham group and the experimen-
tal group. The percentage increase in T2 values and relative water content
was calculated for all rats. One-way repeated-measures analysis of variance
(ANOVA) was used to examine differences over time in the T2 value and
water content between the untouched left knees and the ACLX right knees.
P values< 0.05 were regarded as signiﬁcant.ResultsT2 MEASUREMENTSThe means and standard deviations of the cartilage T2
values at weeks 0, 4, and 13 are shown graphically in
Fig. 3. In the control group, the T2 values of the cartilage
were 26.79 0.45 ms and 26.18 0.68 ms in left and right
knees, respectively (mean T2, 26.51 0.62 ms for both
knees). In the sham-operated group, the cartilage T2 values
were 26.69 0.39 ms and 26.79 0.57 ms in the normalral condyle. The T2 of the femorotibial cartilage was measured by
onding T2 map that overlapped with the ROI region is shown in (b).
Fig. 3. A plot of cartilage T2 (meanSD) measured at week 0 (con-
trol), in the sham group, and at weeks 4 and 13 in the ACLX group.
Cartilage T2 was measured separately in the left and right knees for
all rats. Asterisks indicate signiﬁcant differences. Repeated-mea-
sures ANOVA showed signiﬁcant difference in the time course of
changes in T2 values between the nonoperated left knees and
the ACLX right knees (P< 0.0001).
Fig. 4. A plot of relative water content measured at week 0 (control),
in the sham group, and at week 13 in the ACLX group. The relative
water content was measured separately in the left and right knees
for all rats. Asterisks indicate signiﬁcant differences. Repeated-
measures ANOVA showed signiﬁcant difference in the time course
of relative water content between the nonoperated left knees and
the ACLX right knees (P< 0.0001).
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not differ signiﬁcantly between the two knees within each
group or between the two control groups. In group 3 rats
4 weeks after ACLX, the cartilage T2 values were
26.59 1.8 ms in the nonoperated knees and 28.76
1.04 ms in the operated knees (P< 0.002). In the
13-week rats, the cartilage T2 value increased to 28.21
1.05 ms in the nonoperated knees and to 32.48 1.67 ms
in the operated knees (P< 0.001 between the operated
and nonoperated knees). The cartilage T2 value was signif-
icantly higher at 13 weeks than at 4 weeks (P< 0.01) in the
operated knees. Taking that T2 value in the week 0 control
rats as the baseline T2 value before the ACLX, repeated-
measures ANOVA showed a signiﬁcant difference over
time for the T2 values between the nonoperated left knees
and the ACLX right knees (P< 0.0001).RELATIVE WATER CONTENT AND HISTOLOGYThe relative water content of the left and right knee joint
cartilage was 52.50% 0.88% and 52.46% 1.05%,
respectively, in the control rats, and these values did not dif-
fer signiﬁcantly between knees (mean for both knees,
52.49% 0.93%). The relative water content differed signif-
icantly between knees in the sham-operated group
(52.90% 0.83% vs 55.70% 0.65% in the left and right
knees, respectively; P< 0.05). In the ACLX group, the rela-
tive water content increased to 54.11% 1.15% (left knees)
and 62.54% 1.18% (right knees) 13 weeks after ACLX
(P< 0.05 for the difference between knees) (Fig. 4).
Repeated-measures ANOVA also showed a signiﬁcant
difference in the time course between the nonoperated left
knees and the ACLX right knees (P< 0.0001).
Histology of the cartilage from the four experimental rats
13 weeks after ACLX conﬁrmed variable degree of cartilage
damage, as shown in Fig. 5CeF. Figure 5A, B shows the
histology of normal cartilage from one control and one
sham rat. The Mankin scores were 0.8 0.2 for the control
group, 0.9 0.3 for the sham-operated group, and 9.1 0.5
for the ACLX group 13 weeks after ACLX; the values dif-
fered signiﬁcantly between the ACLX group and the other
two groups (P< 0.01).CORRELATION ANALYSISWe considered the T2 value of 26.51 0.62 ms and the
relative water content of 52.49% 0.93% in the control
rats as the baseline values, and we calculated the percent-
age increase in these variables 13 weeks after ACLX in
group 3. The T2 value increased by 5.7% and the water
content increased by 2.9% in the left, nonoperated knee.
The values increased by much more in the ACLX (right)
knees than in the left knees: the T2 value by 23.1% and
the water content by 18.09%. The relationship between
the T2 value and relative water content was strongly
positively correlated (R¼ 0.885, P< 0.0001) (Fig. 6).Discussion
Previous studies using animal models have shown that
the cartilage T2 value increases because of cartilage
degeneration after induction of cartilage injury10e12. Our
results using the ACLX method in a rat model supports
these previous data. In addition, we measured the cartilage
T2 value at three times (0, 4, and 13 weeks after ACLX) and
the relative water content at two times (0 and 13 weeks after
ACLX). We found signiﬁcant increasesdby 23% in the T2
value and by 18% in the relative water contentd13 weeks
after ACLX. We also found a strong positive correlation
(R¼ 0.88) between the T2 value and relative water content.
This relationship is important because it implies that the per-
centage increase in actual water content can be estimated
by T2 measurements and that the T2 value may be useful
for early diagnosis of osteoarthritis.
The feasibility of using T2 measurements for early diag-
nosis of OA has been known for some time3,9e13,19. How-
ever, early diagnosis would be of limited value if no
effective therapy could be administered. The recent devel-
opment of drug treatments, such as injection of hyaluronic
acid, necessitate that experiments be performed on suitable
animal models because it is important to ensure that the
animal models closely resemble clinical osteoarthritis in
as many aspects as possible. The ACLX model has symp-
toms consistent with osteoarthritis. Our results show that
the trends of water content and T2 changes in ACLX rats
also follow the temporal increase as expected for human
Fig. 5. Histological conﬁrmation of cartilage degeneration induced by ACLX. A. Normal hyaline articular cartilage from a rat knee joint in the
control group. B. No signiﬁcant histological change of the hyaline cartilage from the rat knee joint in a sham-operated knee. CeF. At 13 weeks
after ACLX, all four rats demonstrated characteristic osteoarthritic cartilage degeneration including cleft formation, loss of chondrocytes, and
extracellular matrix deterioration compared with the cartilage in the control and sham-operated groups. The most severe pictures from each rat
are shown (H&E, stain, 200).
445Osteoarthritis and Cartilage Vol. 17, No. 4cartilage injury. Because noninvasive MRI allows sequential
experimentation on the same animals, our data have impor-
tant implications for future applications of the MRI-moni-
tored ACLX model to further understanding of clinical
osteoarthritis.
We included the sham experiments to determine whether
the skin wound on the rat knees causes cartilage degener-
ation. We found no signiﬁcant difference in T2 values or his-
tological observations between the normal and the sham
groups (Fig. 5). However, the relative water content differed
between groups, suggesting that the skin wound slightly in-
creases the water content after 1 week; this difference could
not been detected by the MRI T2 experiments. This exper-
iment also showed that the increase in T2 at week 13 after
ACLX and the associated increase in water content were
caused mainly by ACLX and not by the skin wound.The cartilage T2 value is around 25 ms in normal rats10,
whereas our experiments showed a T2 value 1 ms higher
than that reported previously. This discrepancy may reﬂect
the different experimental designs: our T2 experiments
were performed in vivo, whereas the previous study mea-
sured cartilage T2 ex vivo. This difference requires addi-
tional experiments for veriﬁcation, which were beyond the
scope of this study.
One possible source of discrepancy in our study may re-
late to the measurement of relative water content in the en-
tire cartilage fragments collected at the femoral and tibial
ends, whereas the MR T2 values were measured from three
contiguous slices covering most, but not all, of the cartilage
area (1.5 mm width in each condyle). Possible inconsis-
tency in the measurement areas may account for the scat-
tering in the correlation results (Fig. 6). Although MRI
Fig. 6. The distribution and correlation of the T2 values (in ms) and
relative water content (%) of all rats included in this study. Each di-
amond represents one data point obtained from one knee joint. The
T2 value and relative water content were strongly positively corre-
lated (R¼ 0.885, P< 0.0001).
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is possible, the inclusion of slices close to the boundary of
cartilage would inevitably introduce partial volume averag-
ing errors because of the presence of synovial ﬂuid, which
would affect the accuracy of the T2 measurements. To
avoid partial volume averaging, the ﬂuid-attenuated inver-
sion recovery (FLAIR) technique, which eliminates the
synovial ﬂuid signal, is a feasible option23 but at the
expense of lower signal-to-noise ratio and longer scan time.
One weakness of our study is that we manually placed
the ROIs for T2 estimations. Erroneous inclusion of the sy-
novial ﬂuid or joint effusion would cause T2 overestimation.
To avoid this, in some rats where synovial ﬂuid was present
because of femorotibial dislocation, which occurred for
some rats with ACLX, we placed two ROIs separately on
the femoral and tibial hyaline cartilage. For others where
synovial ﬂuid was not visually present, we placed ROIs sim-
ilarly for all three groups. The shapes of the ROIs were all
reconﬁrmed by one experienced radiologist (GSH). There-
fore, we believe that our method minimized inclusion of
synovial ﬂuid and joint effusion. In addition, two operators
followed the same procedure to select the ROIs for both
knees of all rats in the three groups, and we believe that
the comparisons between groups are valid.
Finally, although we found a strong positive correlation
between the MR T2 value and the relative water content
in the articular cartilage with experimental osteoarthritis
induced by ACLX, it remains unknown whether the increase
of the T2 value can be attributed to the increase in water
content19, the depletion of proteoglycans12, changes in col-
lagen ﬁber orientation13, or a combination of factors. Further
investigation is needed to distinguish the role of each factor
and to understand the speciﬁc information revealed by
changes in the T2 value of articular cartilage with
osteoarthritis.Conclusions
We found a strong positive correlation between the carti-
lage MR T2 value and the relative water content in an ani-
mal model of cartilage degeneration after ACLX. Our results
were veriﬁed by histological analysis. This technique can
detect cartilage degeneration by estimating the changes
in actual water content as a function of the percentagechange in the T2 value. This method may be useful for
grading cartilage degeneration when evaluating clinical
treatments for osteoarthritis.Conﬂict of interest
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